Introduction
The application of RNA interference (RNAi), first discovered by Fire et al. (1998) , has led to a better understanding of the functions of genes from mammals to plants. The technique is based on the use of dsRNA to target a specific gene, which eventually reduces the levels of the corresponding mRNA in the cytoplasm. In entomology, various studies have shown that RNAi has potential beyond functional gene analysis, that is, the control of insects (Huvenne and Smagghe, 2010) . The concept is based on the silencing of the genes essential for normal physiological processes, which leads to retardation of insect development or death. The success of gene silencing as an insect control strategy is closely related to the functional importance of the target gene and the dsRNA delivery method. Development of transgenic plants encoding dsRNA (plant-mediated RNAi) targeting midgut genes has great potential as an insect control strategy (Baum et al., 2007; Mao et al., 2007; Pitino et al., 2011; Zha et al., 2011) . Furthermore, the target of dsRNA, midgut epithelial cells, is accessible through feeding (Turner et al., 2006) . Various insect midgut genes, including those encoding structural peritrophic matrix proteins (Toprak et al. 2013) , digestive enzymes (Rajagopal et al., 2002) , chitin deacetylase (Toprak et al., 2013) , chitinases (Zhu et al., 2008) , and chitin synthase-B (Arakane et al., 2005) have been successfully silenced by RNAi.
The generation of Agrobacterium-mediated transgenic plants encoding dsRNA involves i) subcloning of the sense and antisense regions in vectors such as pDONR 207 (Pitino et al., 2011) or pHANNIBAL (Huang et al., 2006; Fairbairn et al., 2007; Zha et al., 2011; Zhang et al., 2011) , ii) transfer of the silencing cassette into a plant binary vector, iii) transformation of Agrobacterium with the desired plasmids, and iv) plant transformation by Agrobacterium. The procedure is relatively complex and time consuming, and problems with plasmid instability related to antibiotic selection have been reported. For example, many Agrobacterium strains, such as C58 (Huang et al., 2006) , GV3101 (Pitino et al., 2011; Zhang et al., 2011) , and A136 and BG53 (Rogers et al., 2002) that are routinely used for Arabidopsis thaliana transformation possess an inducible resistance mechanism against chloramphenicol (Tennigkeit and Matzura, 1991) , suggesting that effective selection with this antibiotic is not possible with many Agrobacterium strains (Rogers et al., 2002; Bent, 2006; Szakasits et al., 2007) . This response also leads to promiscuous recombination and plasmid instability (Ballester et al., 1986 (Ballester et al., , 1989 .
The pGSA1252 is an RNAi-silencing binary plant transformation vector that allows direct cloning without the need to subclone the silencing cassette into an intermediate vector, thus shortening the entire cloning procedure. Synthesis of the dsRNA is driven by the powerful Cauliflower mosaic virus 35S promoter in the plant; however, pGSA1252 possesses a chloramphenicol selection marker. To solve the selection marker/Agrobacterium compatibility problem and to further shorten the cloning procedure, we developed an improved vector by transferring the RNAi cassette of pGSA1252 into the plant binary vector, pMDC32, which uses kanamycin (an appropriate antibiotic for selection of Agrobacterium) as the selection marker (Bent, 2006; Szakasits et al., 2007) . A T7 RNA polymerase promoter was also incorporated into the constructs allowing dsRNA synthesis in vitro. The vector was tested by transforming Arabidopsis plants with 4 different dsRNA constructs specific to genes encoding insect intestinal mucin 1/4 (McIIM1/4) (Shi et al., 2004; Toprak et al., 2010) , peritrophic matrix protein 1 (McPM1) (Shi et al., 2004) , chitin deacetylase 1 (McCDA1) (Toprak et al., 2008) , and chitin synthase-B (McCHS-B) from Mamestra configurata, one of the major pests of Brassica crops in North America. (Toprak et al., 2013) . The sense primers (Fpsen and Rpsen) and antisense primers (Fpant and Rpant) used for each amplicon are shown in the Table. In the design of primers, a T7 RNA polymerase promoter was incorporated into the Fpsen and Rpant primers allowing in vitro synthesis of dsRNA from the vectors (Table) . The sense and antisense RT-PCR products were sequentially ligated into the pGSA1252 vector. Sense regions (except in McPM1) were first ligated between the NcoI and AscI restriction sites; then antisense regions were ligated between the BamHI and SpeI restriction sites. The McPM1 sense region was ligated into pGSA1252 between the AscI and SwaI sites. All pGSA1252 plasmid constructs were transformed into Escherichia coli DH10B electrocompetent cells by electroporation. Transformants were grown on Luria-Bertani (LB) agar plates containing chloramphenicol (25 µg/mL), and the cultures were grown in 2 mL of LB overnight from a single colony. Plasmid DNAs were isolated using a QIAprep spin miniprep kit (Qiagen), and sequences of the sense and antisense regions were confirmed by sequencing using the primers Fvpsen-Rvpsen and Fvpant-Rvpant for each amplicon, respectively (Table) . 2.2. Cloning of dsRNA cassette (sense-spacer-antisense regions in pGSA1252) in pMDC32 in E. coli To clone the sense-spacer-antisense cassettes of pGSA1252 constructs into pMDC32, the pGSA1252/McCDA1, pGSA1252/McIIM1/4, and pGSA1252/McCHS-B were first digested with XhoI, followed by removal of the XhoI site by the large fragment of DNA polymerase I (Klenow). The constructs were then digested with SpeI. In parallel, pMDC32 plasmid was first digested with PspOMI, treated with Klenow, and then digested with SpeI. The sense-spacer-antisense cassettes were then ligated into pMDC32. For the construction of the pMDC32/McPM1 construct, pGSA1252/McPM1 was digested with AscI and SpeI. In parallel, pMDC32 plasmid was digested with AscI and SpeI. The McPM1 sense-spacer-antisense cassette was then ligated into the AscI and SpeI restriction sites of pMDC32. E. coli DH10B electrocompetent cells were transformed with the pMDC32 plasmid constructs using electroporation. Transformants were grown on LB agar plates containing kanamycin (50 µg/mL), and the cultures were grown in 2 mL of LB overnight from a single colony. Plasmid DNAs were isolated using a QIAprep spin miniprep kit, and sequences were confirmed using the T7 primers. 2.3. Transformation of Agrobacterium with pMDC32-containing sense-spacer-antisense and verification of backbone stability of plasmid isolated from transformed Agrobacterium The pMDC32 plasmids containing sense-spacer-antisense cassette were introduced into A. tumefaciens strain GV3103 pMP90 by electroporation. Transformants were grown on LB agar plates containing gentamycin (30 µg/ mL) and kanamycin (50 µg/mL) for 2 days at 28 °C. A single colony was selected and grown (28 °C at 225 rpm) overnight in 10 mL of LB medium containing the corresponding antibiotics.
Materials and methods
Plasmid DNAs were isolated using a QIAprep spin miniprep kit (the volumes of buffers P1, P2, and N3 were doubled to compensate for the high culture volume) and digested with HincII for the verification of plasmid backbone stability. 
Development of transgenic Arabidopsis plants and verification of dsRNA synthesis in transgenic plants by RT-PCR
Transgenic A. thaliana plants were generated by Agrobacterium-mediated transformation using the floral dip method (Bechtold et al., 1993) . A 50-mL culture of Agrobacterium containing the pMDC32/sensespacer-antisense plasmids was prepared in LB with the corresponding antibiotics. Cultures were resuspended in 5% sucrose, 0.05% Silwet L77 to an OD 600 of 0.8. Plants with young buds were dipped into the Agrobacterium solution, vacuum-infiltrated at 25 mmHg for 30 s and then slowly returned to normal atmospheric pressure. They were then grown in a growth chamber at 22 ± 1 °C until mature. Several thousand T0 seeds were collected and sown on selection medium [For 1 L: 2.15 g of MS salts, 10 g of sucrose, 7 g of agar, 500 µL of 100 mg/mL hygromycin (25 µg/mL), and 1.5 mL of 200 mg/mL Timentin (300 µg/ mL); pH 5.7]. Seedlings were allowed to grow at 22 ± 1 °C for approximately 14 days with a 16 h day/8 h night cycle, and then 28 plants were gently removed from the plates and transferred to soil in the greenhouse. When plants had matured, several leaves were collected and stored at -80 °C. Total RNA was extracted using TRIzol reagent (Invitrogen) from 2-3 small leaves from 10 T1 plants. The presence of the transgene was confirmed by RT-PCR for pMDC32/McCDA1, pMDC32/McCHS, pMDC32/McIIM4, and pMDC32/McPM1 plants using total leaf RNA and the GUS-specific primers (Fpgus and Rpgus) representing the common spacer element (Table) , as previously described (Toprak et al., 2013) . (Figure 1, left panel) . When the pGSA1252 constructs were introduced into Agrobacterium strains GV3103 or LBA4404, the isolated pGSA1252 plasmids revealed various recombination events, as detected by sequencing and HincII restriction patterns (Figure 2, top panel) . Similar recombinations were found to occur in pGSA1252 constructs containing shorter sense and antisense sequences (150 bp long; data not shown). pGSA1252 has a chloramphenicol-resistant selection marker, and many Agrobacterium strains such as C58 (Huang et al., 2006) , GV3101 (Pitino et al., 2011; Zhang et al., 2011) , and A136 and BG53 (Rogers et al., 2002) that are routinely used for A. thaliana transformation have been reported to possess an inducible resistance mechanism against this antibiotic (Tennigkeit and Matzura, 1991) , suggesting that chloramphenicol selection causes recombination with many Agrobacterium strains (Rogers et al., 2002; Bent, 2006; Szakasits et al., 2007) . Therefore, we decided to use a vector with a kanamycin-selectable marker, pMDC32, since kanamycin is an appropriate antibiotic for selection of Agrobacterium (Bent, 2006; Szakasits et al., 2007) .
Results and discussion
The RNAi-silencing cassettes (sense-spacer-antisense regions) for McCDA1, McIIM1/4, and McCHS-B were cut from pGSA1252 using XhoI and SpeI, followed by removal of the XhoI site by Klenow filling and ligation into SpeI and Klenow-treated PspOMI restriction sites in the plant binary vector pMDC32. The silencing cassette for pGSA1252/McPM1 was digested with AscI and SpeI and cloned into the same restriction sites in pMDC32. After transformation into Agrobacterium and selection by kanamycin and gentamycin, isolated pMDC32 plasmids containing the RNAi-silencing cassette were checked for correct insertion and backbone integrity via digestion with HincII; no recombination was found to have occurred in the new constructs (Figure 2, bottom panel) . The inserts were also confirmed by DNA sequencing. Therefore, the new vector, pMDC32 containing the silencing cassette and kanamycin/hygromycin selection markers, is compatible with Agrobacterium transformation. The pMDC32 constructs for McCDA1, McIIM1/4, McPM1, 512, 11, 616, 11, 495, and 11, 512 bp in length, respectively (Figure 1, right panel) .
Arabidopsis thaliana plants transformed by Agrobacterium containing the pMDC32 constructs were grown on selection media containing hygromycin. The leaves of 10 F1 plants (containing pMDC32/McCDA1, pMDC32/McCHS, pMDC32/McIIM4, and pMDC32/ McPM1) were tested for the presence of the T-DNA insert cassette by RT-PCR using total plant RNA. In this analysis, primers were designed to be specific for the common spacer (GUS) due to the folding of the gene-specific sense-antisense regions, which makes PCR amplification difficult. This analysis produced a band of 189 bp, verifying dsRNA synthesis for each transgenic plant (Figure 3) .
The new vector developed in the current study has several improvements other than selection marker/ Agrobacterium compatibility. First, it allows one-step (Huang et al., 2006; Fairbairn et al., 2007; Zha et al., 2011; Zhang et al., 2011) have been used for plant-mediated RNAi. However, expression of dsRNA constructs in these vectors requires an additional cloning step into a binary vector (Fairbairn et al., 2007; Zha et al., 2011; Zhang et al., 2011) . As a second improvement, the constructs allow in vitro synthesis of dsRNA through the addition of the T7 RNA polymerase promoter so that the intervening DNA templates can be used for in vitro synthesis of dsRNAs. Plant-mediated RNAi possesses great potential as an insect control strategy in the field (Gordon and Waterhouse, 2007; Huvenne and Smagghe, 2010 (Baum et al., 2007) , cytochrome P450 monooxygenase, and glutathione-Stransferase (Mao et al., 2007) ; receptor of activated kinase C (Pitino et al., 2011) ; hexose transporter; carboxypeptidase; and trypsin-like serine protease (Zha et al., 2011) . Targeting midgut genes through plant-mediated RNAi could have great potential as an insect control strategy because of its essential role in insect digestive physiology and the indirect contact with the external environment, which allows for a per os application.
In conclusion, the new RNAi silencing system has several benefits, such as a selection marker compatible with Agrobacterium transformation, the T7 promoter allowing in vitro dsRNA synthesis, and one-step cloning without the subcloning of hairpin structure in an intermediate vector.
